The synergistic effects of high hydrostatic pressure (HHP), mild heating, and amino acids on the germination of Clostridium sporogenes spores were examined by determining the number of surviving spores that returned to vegetative growth after pasteurization following these treatments. Pressurization at 200 MPa at a temperature higher than 40°C and treatment with some of the 19 L-amino acids at 10 mM or higher synergistically facilitated germination. When one of these factors was omitted, the level of germination was insignificant. Pressures of 100 and 400 MPa were less effective than 200 MPa. The spores were effectively inactivated by between 1.8 and 4.8 logs by pasteurization at 80°C after pressurization at 200 MPa at 45°C for 120 min with one of the amino acids with moderate hydrophobicity, such as Leu, Phe, Cys Met, Ala, Gly, or Ser. However, other amino acids showed poor inactivation effects of less than 0.9 logs. Spores in solutions containing 80 mM of either Leu, Phe, Cys, Met, Ala, Gly, or Ser were successfully inactivated by pasteurization by more than 5.4 logs after pressurization at 200 MPa at 70°C for 15 to 120 min. Ala and Met reduced the spore viability by 2.8 and 1.8 logs, respectively, by pasteurization at a concentration of 1 mM under 200 MPa at 70°C. These results indicate that germination of the spores is facilitated by a combination of high hydrostatic pressure, mild heating, and amino acids.
C
lostridium botulinum is known to produce botulinum neurotoxins, which cause a lethal food-borne illness, and the mortality rates from this illness ranges from 10 to 65% if untreated (35) . Because its spores are highly heat resistant (34) , canned food products are treated at temperatures as high as 121°C to inactivate C. botulinum completely. Some refrigerated foods with extended shelf lives are packed under vacuum but are not heated enough to kill C. botulinum spores to maintain the organoleptic quality. It is therefore possible that surviving spores could grow and produce the toxin if temperature abuse occurs (6) .
High hydrostatic pressures (HHPs) effectively inactivate the vegetative cells of bacteria and can therefore be utilized for nonthermal pasteurization (15) . The inactivation effects of pressure are dependent on the bacterial species. According to previous studies (27) , Staphylococcus aureus is highly resistant among bacteria that do not form the spores and is inactivated by 2 logs when pressurized at 600 MPa at 20°C for 15 min. Yersinia enterocolitica, one of the most sensitive bacteria, is inactivated by more than 5 logs even when the pressure is decreased to as low as 275 MPa. The pressure resistance of bacterial spores also depends on the species. For example, spores of Bacillus cereus are as sensitive as the vegetative cells of S. aureus (36) . However, spores of Clostridium sporogenes, a species that is phylogenetically closely related to proteolytic C. botulinum type A and type F (5, 14) , are so resistant that no significant inactivation of the spores is observed even under 1,500 MPa of pressure at 20°C for 5 min (16) .
A simultaneous treatment with high hydrostatic pressure and mild heating is known to be more effective than either treatment alone. A combination of pressure at 200 to 300 MPa and heating at 60°C for 15 min inactivates Escherichia coli and S. aureus by 8 logs (26) . B. cereus spores are also effectively inactivated by 6 logs under pressurization at 200 MPa at 60°C for 30 min (36) . Some Clostridium species, however, are highly resistant to this combination of conditions (17) . The spores of C. botulinum are inactivated by less than 1 log even when simultaneously exposed to 1,000 MPa and heating at 70 to 80°C for 8 min (17) .
Whereas high hydrostatic pressure can inactivate the bacterial spores of some species, pressure of between 50 and 250 MPa have been reported to trigger the germination of Bacillus subtilis and B. cereus spores (22, 24, 29, 36) . Since germinated spores become sensitive to heat (4), pasteurization using temperatures as low as 80°C following treatment with high hydrostatic pressure has the potential to inactivate bacterial spores efficiently without the need for significant heating. Extensive studies have revealed that the spore germination of B. cereus is affected by not only pressure but also the presence of chemical germinants when under pressurized conditions. For instance, spores of B. cereus were previously found to undergo germination that was increased by 4 logs under 250 MPa pressure at 25°C in the presence of L-alanine, one of the most effective chemical germinants, but by only 3 logs under the same conditions without this amino acid (29) . The germination of bacterial spores under 200 MPa of pressure has been reported to be enhanced by 7 logs at 45°C in milk containing germinants but by only 4 to 5 logs when the pressurizing temperature was reduced to 30°C (36) . These findings indicate that the germinating effect of pressure on Bacillus spores is synergistically or additively facilitated by either mild heating or the presence of germinants.
It is well known that amino acids facilitate the germination of Clostridium spores (1, 20, 25, 33, 37) . In contrast, high hydrostatic pressure treatments have been found to have only a small effect on Clostridium spores even with mild heating (18) . Only 24 to 81% of C. sporogenes spores germinate in distilled water when pressurized at 200 to 600 MPa at 40 to 60°C for 30 min, and less than 1 log of these spores can be inactivated by pasteurization following this treatment (18) . The synergistic effects of amino acids, high hydrostatic pressure, and mild heating on spore germination, however, has not been well investigated.
In our present study, we used C. sporogenes, a nontoxic surrogate species for C. botulinum (18) , and treated its spores with high hydrostatic pressure at various temperatures in the presence of amino acids to further evaluate the synergistic effects of these three factors on germination. Consequently, we found that the spores can be effectively germinated when these factors are adequately combined, and the spores can then be inactivated by pasteurization after these treatments. (2) . One milliliter of the bacterial suspension was decupled and cultured three times by adding 9, 90, and 900 ml of new TP medium at 4-h intervals. The resulting suspension was then further cultured for 2 days. These cultures were grown at 35°C under anaerobic conditions of 10% H 2 , 10% CO 2 , and 80% N 2 (Marusan, Niigata, Japan), except for the last 2 days of growth, in which an Ageless FX oxygen absorber (Mitsubishi Gas Chemical Company Inc., Tokyo, Japan) was used. When spores were observed in more than 90% of the cells by microscopy, the culture was centrifuged at 8,900 ϫ g for 10 min at 4°C, and the resulting pellet was washed five times with 30 ml of sterilized distilled water. The final suspension was heated at 80°C for 10 min to kill the vegetative cells and the germinated spores. The suspension was then stored at Ϫ16°C until use.
MATERIALS AND METHODS

Preparation
HHP treatment followed by pasteurization with amino acids. Aliquots taken from the spore suspension were diluted to a concentration of 5.4 ϫ 10 6 spores (by the most probable number [MPN] method)/ml with 1/15 M phosphate buffer (pH 7.0) supplemented with 0 to 80 mM either Gly or one of the L-amino acids (LAA21-1KT; Sigma-Aldrich, St. Louis, MO), Cys, Ala, Ser, Gln, His, Pro, Asn, Val, Trp, Thr, Met, Phe, Lys, Leu, Ile, Glu, Asp, Arg, and trans-4-hydroxy-L-proline (Hyp). The buffer containing the amino acids was adjusted to pH 7.0 by the addition of 1 N NaOH and then filtered through a cellulose acetate membrane (DISMIC25cs; Advantec, Toyo Co., Ltd., Tokyo, Japan) with a 0.2-m pore size. Five hundred microliters of the spore suspensions was then transferred into sterile polyethylene pouches (Aicello Chemical Co., Ltd., Aichi, Japan). The pouches were heat sealed to expel air bubbles and submerged in distilled water filling a cylindrical pressure chamber (100 mm high, 30-mm inside diameter) in a pressing system surrounded by an 85-mmthick stainless steel cover (Yoshida High Pressure Company, Kanagawa, Japan). The pouches were then heated through the cover by a heating system on the outside. The samples were pressurized at 100, 200, and 400 MPa at 30 to 70°C for 10 to 120 min, excluding the pressure come-up and release times, which were approximately 30 to 120 s and 10 to 20 s depending on the magnitude of pressure, respectively. As controls, the spore suspensions were incubated at 0.1 MPa (atmospheric pressure) at the corresponding temperatures for the indicated periods. The samples and distilled water in the chamber were heated to the target temperature before being pressurized. The chamber wall was kept at the target temperature within Ϯ1°C during the pressurization, but based on a previous report (23) , the sample temperature, which was not directly measured, could have temporarily increased due to compression heating. After the high hydrostatic pressure treatment, the spore suspensions were transferred to PCR microtubes and heated at 80°C for 10 min using iCycler (Bio-Rad Laboratories, Inc., Hercules, CA) to inactivate the germinated spores. The amino acids Trp and Tyr were not tested in these experiments because of their low water solubility.
Estimation of the survival ratio of spores. To determine the number of surviving spores, the spore suspensions were diluted from 10-to 10 8 -fold in sterilized 0.85% NaCl. Next, 100 l of each dilution was mixed with 100 l of Clostridia count medium and cultured in 96-well multiplates (Greiner Bio-One, Ltd., Solingen, Germany) at 35°C under anaerobic conditions established with an AnaeroPack-Anaero device (Mitsubishi Gas Chemical Company, Inc., Tokyo, Japan) for 4 days. Growth of the surviving spores in each well was assessed by observing the change of the medium color by formation of iron sulfide and comparing it to those without inoculation of the spores. The Clostridia count medium was prepared from Clostridia count agar "Nissui" (Nissui Pharmaceutical Co., Ltd., Tokyo, Japan) by removing the agar prior to autoclaving. According to previous reports (3, 30, 31) , the number of surviving spores that returned to vegetative growth in the medium was estimated by referring to an MPN table (12) and expressed with 95% confidence limits. Survival ratios of the spores were calculated according to the following formula: survival ratio of spores ϭ log 10 (N/N 0 ), N 0 ϭ 5.4 ϫ 10 6 spores (MPN)/ml, where N 0 and N indicate the concentrations of viable spores before and after high hydrostatic pressure followed by pasteurization (HHP-P), respectively. Each experiment was repeated two or three times. When insignificant differences were observed between the replicates, the values of a single experiment are shown in the text.
Microscopic observation of spore germination. The suspensions containing spores at 1.1 ϫ 10 8 (MPN)/ml were treated at 0.1 or 200 MPa at 30, 45, or 70°C. The spores then were characterized as ungerminated if they were phase bright or germinated if they were phase dark or in the transition from refractile to nonrefractile under phase-contrast microscopy, as described previously (19) . More than 300 individual spores were characterized, and the experiments were repeated twice.
RESULTS
Effects of the magnitude of pressure plus amino acid supplementation on the inactivation of spores by HHP-P under mild heating conditions. Spore suspensions were treated with 100 to 400 MPa of pressure with mild heating at 45°C for 120 min in the presence of one of the 19 amino acids at 80 mM and then pasteurized at 80°C. Individual treatment with seven effective amino acids , Leu, Phe, Cys, Met, Ala, Gly, and Ser, significantly reduced the number of viable spores (Fig. 1) . However, there were only small effects (less than 0.9 log) on the survival ratios in the absence of amino acids, and mild heating alone with amino acids produced only a 0.7-log reduction at best. Thus, the spore survival ratios were synergistically decreased by the magnitude of the pressure and the presence of certain amino acids.
In contrast to the effects of the seven aforementioned amino acids, the remaining 12 amino acids had marginal effects (less than 1.3 logs) on the survival of the spores at any magnitude of pressure. The survival ratios were significantly reduced at 200 MPa in the presence of amino acids, with hydropathy indexes (13) ranging from Ϫ0.8 to 3.8, except for Thr. The maximum reductions of 2.9 to 4.8 logs were achieved at 200 MPa with the above-mentioned seven effective amino acids. The same level of reduction was revealed at 100 MPa with Cys only. It is noteworthy that the reductions seen at 200 MPa were much greater with all of the seven amino acids than with those measured at 400 MPa, indicating that a moderate level of pressure is preferable for facilitating germination of the spores.
In this study, the survival ratios of spores were defined as the ratios of the spores that returned to vegetative growth in the medium we used; thus, the ratios of dormant spores that could revert to the vegetative form in some other media were excluded. The spore survival ratios were found to correlate with their loss of refractility under a microscope, as we discuss later, suggesting that the spores had germinated and were inactivated by subsequent pasteurization and that few spores could remain dormant. These results indicate that spore germination effectively occurs only at an optimum magnitude of pressure and in the presence of specific amino acids.
Effects of pressurizing temperature on spore survival. We examined the effects of temperatures between 30 and 70°C at 200 MPa for 120 min on the spore survival ratios. When the spores were incubated at atmospheric pressure (0.1 MPa), the temperatures had only 1.1-log effects on spore inactivation, even in the presence of 80 mM amino acids (Fig. 2A) .
The effects of HHP-P on spore inactivation were found to be enhanced by increases in the pressurizing temperature in the presence of Leu, Phe, Cys, Met, Ala, Gly, or Ser (Fig. 2B) . Spore viability reductions at 70°C with Leu, Phe, and Gly reached 5.4 logs and with Cys, Met, Ala, and Ser exceeded 5.5 logs, the detection limit of our experiments. These reductions were less than 0.7 logs either in the absence of amino acids or at temperatures below 40°C. Thus, spore germination is facilitated synergistically only when amino acids, high hydrostatic pressure, and mild heating are combined.
Effects of the duration of pressurization. The effects of the duration of pressurization up to 120 min were examined at 200 MPa at 45°C and 70°C (Fig. 3B) . Inactivation of the spores by HHP-P in the presence of amino acids was facilitated by extension of the pressurization periods at both of these temperatures. However, in the absence of amino acids, the inactivation level was 1.0 log or less regardless of the period length. When the spore suspensions containing either Cys or Gly were pressurized at 45°C, the survival ratios were significantly reduced in parallel with the increased length of the pressurization periods. However, these reductions appeared to reach a plateau at 60 min. The maximum reduction was 4.8 logs with Ala at 120 min (Fig. 3A) . At 70°C, all the amino acids produced a 5.4-log reduction or greater, indicating a marked effect of the pressurizing temperature on the outcomes of HHP-P.
Taken together, these observations clearly indicate that spore germination is facilitated by optimizing the magnitude of the pressure, the species of amino acid used, the temperature when pressurized, and the length of the pressurizing period.
Effects of amino acid concentrations on spore survival. The efficacies of the amino acid concentrations in reducing the spore survival ratios were analyzed at 200 MPa at 45°C for 120 min (Fig.  4A ) and at 70°C for 15 min (Fig. 4B) . The levels of inactivation under both of these experimental conditions were enhanced by using higher concentrations of amino acids. The degree of spore inactivation with the most effective amino acids, Cys, Met, and Ala, reached a plateau at 10 to 20 mM under both sets of conditions. The other four amino acids showed relatively lower effects and facilitated spore inactivation proportionally from 1 to 20 or from 1 to 40 mM. Leu and Phe showed the least effectiveness at 45°C, but both gave rise to inactivation of the spores at the same level as Gly and Ser at 70°C (Fig. 4B) .
Confirmation of spore germination by combination of treatments. We estimated the ratios of germinated spores by cultivation after pasteurization to measure the effects of combined treatment. However, there still remained the possibilities that the treatment inactivated the spores without germination and that the spores became dormant, not to be germinated under the cultivation conditions. To determine this possibility, several samples were treated, and the morphological ratios of the germinated spores were determined by microscopy. All the observed spores were germinated when treated at 200 MPa at 45 and 70°C in the presence of 80 mM Ala and Gly, whereas less than 36% of spores were germinated in the presence of His or in the absence of amino acids (Fig. 5) . The spore germination rate was less than 32% at 0.1 MPa or at 30°C, regardless of the presence of amino acids. These results correlated with the results from cultivation. It was, therefore, definitely confirmed that the germination of spores was synergistically facilitated by the appropriate combination of high hydrostatic pressure, mild heating, and amino acids.
DISCUSSION
By optimizing the magnitude of pressure and the pressurizing temperature in the presence of amino acids, we successfully facilitated the germination of C. sporogenes and subsequent inactivation by more than 5.4 logs following pasteurization. Inactivation by as little as 1.0 log was observed when one of three factors, high hydrostatic pressure, amino acids, and mild heat, was omitted. Mills et al. (18) revealed previously that high hydrostatic pressure alone produces only limited effects on the germination of C. sporogenes. These authors further examined the combination effects of high hydrostatic pressure and pressurizing temperature on C. sporogenes spores suspended in water and achieved a maximum inactivation of less than 1 log under 400 MPa at 60°C for 30 min. This correlates with the minor effects of our treatment in the present study at 400 MPa without amino acids.
We found no ungerminated spore among 337 to 503 spores when they were treated with optimized pressure and mild heating in the presence of amino acids; thus, more than 2 logs of the spores were germinated, and the ratio of the inactivated spores without germination and the dormant spores should be extremely low if not zero. Our current report describes a synergistic facilitating effect of high hydrostatic pressure, mild heating, and nutrients on the germination of Clostridium spores, which enables effective inactivation of the spores by the following pasteurization.
We found that increasing the pressurizing temperature enhanced the germination of Clostridium spores. Temperature during pressurization is known to affect the intra-and intermolecular hydrophobic interactions of proteins (38) . Weakening the hydrophobic interactions by increasing the pH or via the addition of urea, dibucaine, or alcohols during heat activation of Clostridium perfringens spores also facilitates their germination (7, 8) . These observations suggest that changes in the hydrophobic interactions might promote the spore germination that we observed under high hydrostatic pressure and mild heat in the presence of amino acids.
The seven amino acids with hydropathy indexes of between Ϫ0.8 and 3.8 (Leu, Phe, Cys, Met, Ala, Gly, and Ser) showed higher facilitating effects on spore germination under a pressure of 200 MPa at 45°C. In contrast, amino acids with higher or lower hydropathy indexes had more marginal effects on spore germination. When the spores were treated at 200 MPa at 70°C for 120 min, significant inactivation was observed (between 2.1 and 5.1 logs; data not shown) even with several of the less effective amino acids such as Ile, Thr, and Glu.
The hydropathy indexes of amino acids depend on their hydrophobicity. Alberto et al. (1) noted that hydrophobic amino acids such as Ala, Val, Gly, and Ser more effectively facilitated spore germination than His, a hydrophilic amino acid. The results of this study suggest the involvement of amino acid hydrophobicity in the germination of Clostridium spores under high hydrostatic pressure.
The survival ratios of the spores pressurized at 100 and 400 MPa with amino acids were higher than those under the 200-MPa conditions. This was consistent with a previous observation that the spore germination of C. sporogenes decreases under excessive pressure (18) . In B. subtilis, some enzymatic reactions involved in spore germination have been shown to be facilitated at 100 MPa but suppressed at 600 MPa (40) . Some proteases or lipases show pressure-dependent catalytic activity, which reaches a maximum potency between 180 and 360 MPa and declines at excessive pressures (9, 21, 32) . The results of these earlier reports suggest that a moderately high hydrostatic pressure might accelerate the germination processes by enhancing the activities of germination-related enzymes.
Ala facilitates spore germination, even at 1 mM, by HHP-P. Free amino acids, including those effective in HHP-P, are found in a wide variety of foods. Their concentrations are variable (10, 11, 39) , and some high-protein foods, such as meat, appear to contain sufficient levels to facilitate spore inactivation by HHP-P. However, no effect of food constituents on spore inactivation was noted in a previous study when C. sporogenes spores in beef broth were pressurized to 600 to 1,500 MPa at 20 to 90°C (16) . Inactivation of the spores was not significantly different from those pressurized in phosphate buffer and was merely in proportion to the pressure and pressurizing temperature. This may indicate either that sufficient inactivation of bacterial spores by HHP-P in foods is also achieved by the optimal magnitude of pressure and the following pasteurization process or that the contents of amino acids were attenuated to ineffective levels in the beef broth.
In conclusion, the results of our current study reveal that high hydrostatic pressure, mild heating, and amino acids synergistically facilitate spore germination of C. sporogenes and that spore inactivation by greater than 5 logs can be achieved by subsequent pasteurization. Considering that the inactivation of Bacillus spores by pasteurization after moderately high hydrostatic pressures of 100 to 250 MPa has been reported (28, 29, 36) , our study demonstrates the feasibility of using HHP-P for the inactivation of spore-forming bacteria, including Clostridium species, that are implicated in the decomposition and poisoning of foods.
